There is accumulating evidence that the nuclear periphery is a transcriptionally repressive compartment. A surprisingly large fraction of the genome is either in transient or permanent contact with nuclear envelope, where the majority of genes are maintained in a silent state, waiting to be awakened during cell differentiation. The integrity of the nuclear lamina and the histone deacetylase activity appear to be essential for gene repression at the nuclear periphery. However, the molecular mechanisms of silencing, as well as the events that lead to the activation of lamina-tethered genes, require further elucidation. This review summarizes recent advances in understanding of the mechanisms that link nuclear architecture, local chromatin structure, and gene regulation.
regulatory interactions (Höger et al., 1991; Glass et al., 1993; Luderus et al., 1994; Goldberg et al., 1999; Stierle et al., 2003; Foisner and Gerace, 1993; Furukawa et al., 1997; Polioudaki et al., 2001; Dechat et al., 2004; Makatsori et al., 2004) . Mutations in lamins and lamin-associated proteins are linked to tissue degenerative disorders collectively termed laminopathies (reviewed in Dauer and Worman, 2009) . Nuclei of laminopathic cells show disorganization and loss of peripheral heterochromatin (Goldman et al., 2004) which is normally in contact with the lamina (Belmont et al., 1993; Schermelleh et al., 2008) . This suggests that the integrity of the lamin-associated meshwork is essential for the maintenance of the peripheral gene-silencing compartment. It is noteworthy that the nuclear pores penetrate the membrane at the sites devoid of both the lamina and associated heterochromatin (Belmont et al., 1993; Schermelleh et al., 2008) , thus probably marking the distinct peripheral regions not associated with gene silencing.
Intranuclear chromosome positioning is not random
When chromosomes are orderly positioned within interphase nuclei -such as in the Drosophila embryonic blastoderm where the telomeres are clustered in the apical part of the nucleus and the centromeres are in the basal part (so-called Rabl orientation) -the radial coordinates of the chromosome regions are pre-determined (Marshall et al., 1996; Lowenstein et al., 2004) . There is accumulating evidence that programmed radial positioning of chromosome loci and entire chromosomes also occurs in interphase nuclei that appear less organized, such as in mammals. For example, 2D-FISH (fluorescence in situ hybridization) analysis of human cells revealed that throughout the entire interphase, the gene-dense chromosomes localized close to the center of the nucleus whereas the gene-poor chromosomes showed more peripheral localization (Croft et al., 1999; Boyle et al., 2001 ). More detailed 3D-FISH studies demonstrated that unlike in rounded cells, the chromosome size becomes the major factor in defining radial positioning in flattened cells, such as fibroblasts. In flattened cells, larger chromosomes are peripherally located (Bolzer et al., 2005) . Similar observations have been made in mice (Mayer et al., 2005) and other mammals (reviewed in Cremer and Cremer, 2010) .
Although following the general trends described above, chromosome positioning significantly varies between individual nuclei and probably changes within a single nucleus over time. However, the orientation of the chromosome territory in the interphase nucleus tends to be conserved. Gene-dense and gene-poor chromosome segments form distinct non-overlapping clusters, as seen in Drosophila (Boutanaev et al., 2005) and mammals (Federico et al., 2008) . These findings are consistent with the description of two chromosome compartments revealed in human cells by the Hi-C (chromosome conformation capture combined with high-throughput DNA sequencing) approach: One compartment contains silent, gene-poor, and "closed" chromatin and the other contains "open" and 28 Shevelyov and Nurminsky actively transcribed chromatin. Of note, chromosome regions within each of these compartments appeared closer to each other than the regions belonging to different compartments (Lieberman-Aiden et al., 2009) .
With regard to the orientation within the nucleus, genepoor chromosome regions often face the periphery and the gene-dense regions are located closer to the center of the nucleus (Saccone et al., 2002; Küpper et al., 2007) . Overall, gene-dense chromatin regions (which can be revealed by FISH because of their enrichment with Alu repeats) do not overlap with the peripheral gene-poor chromatin (Bolzer et al., 2005) . Exceptions do exist, including retinal rod cells in which gene-poor heterochromatin is densely packed at the center of the nucleus and probably improves light perception while the euchromatin is at nuclear periphery (Solovei et al., 2009) . But, overall, observations indicate that the nuclear periphery usually represents the compartment filled with inactive, compact, and gene-poor chromatin.
Nuclear envelope contacts with distinct, well-defined chromosome segments
The guiding role of interactions between the chromatin and nuclear envelope in chromosome positioning has been suggested long ago (Comings, 1968) . Cytological observations of the giant polytene chromosomes in Drosophila salivary glands identified fifteen euchromatic chromosome segments that were consistently in contact with the nuclear periphery (Hochstrasser et al., 1986) . Although they were located in euchromatic chromosome arms, these segments almost perfectly coincided with the so-called "intercalated heterochromatin" which is characterized by under-replication and ectopic contacts in polytene chromosomes; these are features usually found in heterochromatic regions (Zhimulev et al., 1982) . Consistent with this observation, late replicating chromatin was predominantly found in the peripheral nuclear compartment (Ferreira et al., 1997) . Further study of the Drosophila embryonic blastoderm using multiple FISH probes showed that about one-half of the analyzed chromosome regions were located at the nuclear periphery. By extrapolation, the authors suggested that at least 75 chromosome segments in Drosophila genome were in contact with the nuclear envelope (Marshall et al., 1996) .
More precise mapping of the lamina-interacting genome regions became possible with the advent of a technique called DamID (DNA adenine methyltransferase (Dam) in vivo identification of chromatin protein-DNA interactions) (van Steensel and Henikoff, 2000) . This approach was applied to the Drosophila embryonic cell line Kc for identification of the genome sequences methylated by a protein fusion of Dam and B-type lamin (Pickersgill et al., 2006) . Of the approximately 60% of Drosophila genes present on the cDNA microarray used in this study, about 500 genes (~ 5%) were identified as lamina-associated. Later, similar studies on human fibroblasts (Guelen et al., 2008) and different types of mouse cells (Peric-Hupkes et al., 2010) utilized tiling genome microarrays, which allowed the investigators to map the interactions with the lamina across both coding and non-coding sequences. This led to the identification of over 1300 lamina-associated domains (LADs) ranging in size from 0.1 to 10 Mb (with the median size of 0.5 Mb) and covering about 40% of genome. About one-quarter of lamina-associated sequences were taken out of consideration in these studies as not fitting additional LAD definitions, so altogether approximately one-half of the mammalian genome was detected as interacting with the lamina. LADs turned out to be mostly gene-poor regions containing only 13-18% of all genes (Guelen et al., 2008; Peric-Hupkes et al., 2010) , akin to the "gene deserts" (Venter et al., 2001) . Similar results were obtained in recent DamID mapping of lamina-binding regions in Drosophila using tiling arrays. The study showed that LADs (which are smaller in this species with the median size of 90 kb) have a 1.5-fold decreased gene density . These findings are consistent with the earlier observations that placed gene-poor chromatin at the nuclear periphery.
Intriguingly, even though the pattern of alternating LADs and interLADs appears to be conserved in metazoans, deviations from this trend can be seen in some cases. For example, in C. elegans, whole-genome ChIP mapping of regions in contact with the nuclear lamina protein, LEM-2 (Ikegami et al., 2010) , showed the typical LAD/interLAD pattern in the chromosome arms but revealed the large central regions to be devoid of contacts. This observation may indicate that the central parts of C. elegans chromosomes are looping away from the nuclear periphery. However, it is also possible that the central regions of the chromosomes interact with other components of nuclear lamina instead of LEM-2.
Because protein fusions of Dam and B-type lamins localize to the nuclear envelope, it is tempting to suggest that LADs correspond to the genome regions attached to the lamina and interLADs represent chromosome segments looping toward the center of the nucleus ( Figure 1A ). However, when individual nuclei were analyzed by FISH in the same cultured cells used for the DamID analysis, it turned out that the "lamina-bound" genes detected by DamID were found away from nuclear periphery, albeit at lower frequency than their "non-lamina-bound" counterparts (Pickersgill et al., 2006; Guelen et al., 2008) . Because DamID can detect transient interactions and is cumulative for the duration of the cell cycle (Greil et al., 2006) , these data apparently reflect an increased frequency of lamina interactions for LADs in the cell population or in a given cell over time rather than a snapshot picture.
Further, in Drosophila cells, randomly chosen chromosomal loci were found at micron distances from the nuclear periphery (Marshall et al., 1996; Lowenstein et al., 2004) . The 50-kb median length of the interLAD in the Drosophila genome (estimated from data of van Bemmel et al., 2010) would be probably not long enough to create these micron-sized loops which would require genome segments on the megabase scale, if a normal 15-to 28-fold compaction of the chromatin above the 30-nm fiber is considered (Lowenstein et al., 2004) . Even though certain actively transcribed regions can lose compactness and be detected as an unraveled fiber by FISH (Chambeyron and Bickmore, 2004) , this is hardly a general phenomenon. Hence, it is unlikely that interLADs would be frequently found at an appreciable distance from nuclear periphery while flanking LADs were tethered to the lamina.
It appears, therefore, that there are two tiers of regulation of the chromosome locus positioning in the nucleus with respect to the nuclear envelope. The average distance of chromatin fiber from the lamina likely depends on the ratio of LADs/interLADs calculated at a megabase scale because
The Nuclear Lamina as a Gene-silencing Hub 29 a good correlation between the fraction of log2(lamin-B1)-positive probes and the average radial distance from periphery determined by FISH has been observed in mammals (Guelen et al., 2008; Peric-Hupkes et al., 2010) , and averaged log2(lamin-B1) values correspond well to the nuclear envelope-associated chromosome regions in the polytene nuclei of Drosophila (Pickersgill et al., 2006; Hochstrasser et al., 1986; Hochstrasser and Sedat, 1987; Mathog and Sedat, 1989) . At the same time, the specific pattern of LADs and interLADs on a smaller scale, which is particularly pertinent to Drosophila, probably reflects a preferential attachment of the silent LADs versus the active interLADs to the lamina when the chromatin fiber is at the nuclear periphery ( Figure 1B ).
Changes in chromatin interactions with the nuclear lamina may depend on cell cycling due to the increased chromatin movement in early G1 (Tumbar and Belmont, 2001; Walter et al., 2003; Thomson et al., 2004) . Alterations in the pattern of lamina binding across the genome can also occur during development: Analysis of mouse embryonic stem (ES) cells differentiating into neural precursors and further into astrocytes showed that 13-27% of LADs were not conserved between these different, albeit related, cell types. The important implication of these findings is the dynamic nature of the interactions between the chromosomes and the nuclear lamina, which may contribute to variability of gene expression. Figure 1 . The relationship between LAD/interLAD profile and the distance between chromosome fiber and the nuclear envelope. (A) Model is based on simultaneous attachment of all LADs to the lamina with interLADs looping into nuclear interior. This model is not consistent with the small median length of interLAD loop (l loop ) in Drosophila (~50 kb), which may be insufficient to reach micron-scale distances from periphery as detected by FISH. (B) Model is based on transient proximity of large chromosome regions to the nuclear periphery. When chromatin fiber is close to the periphery, LADs, mostly represented by silent chromatin, contact lamina but interLADs, which correspond to active chromatin, do not. Short DNA regions both in LADs and interLADs contact nuclear pores. What determines the average radial distance of chromosome fiber (D radial ) is currently unknown, although in mammals it is related to the LAD/interLAD ratio on a megabase scale. Note that chromatin fiber is drawn smooth for simplicity.
Nuclear lamina as a gene-silencing hub
The genes found in contact with the lamina in cultured Drosophila cells, with rare exceptions, are not expressed in these cells (Pickersgill et al., 2006; van Bemmel et al., 2010) . Similarly, mammalian LADs contain mostly silent genes with low levels of promoter-associated RNA polymerase II activity and an average expression level that is an order of magnitude lower than that of the interLADs (Guelen et al., 2008; PericHupkes et al., 2010) . It makes LADs akin to the previously described low gene expression regions termed "anti-Ridges" (Versteeg et al., 2003; Göetze et al., 2007) . In C. elegans, LEM-2 subdomains also show lower gene expression than their "gap" counterparts (Ikegami et al., 2010) . Thus, the nuclear periphery is a preferred location for inactive or poorly transcribed genes. Moreover, recent findings strongly indicate that the silent chromatin environment at the nuclear periphery can cause gene repression. In mammals, transcription of transgenes integrated into "antiRidges" is significantly suppressed . Similarly, in Drosophila transgenes integrated in the "black" chromatin regions (highly overlapping with LADs) are three times more likely to show mini-white variegation (Babenko et al., 2010; . As long as interactions with the nuclear lamina appear to correlate with gene silencing, the question becomes what comes first: binding to lamina or gene inactivation?
The role of the nuclear lamina in gene silencing was directly tested in studies in which chromosome loci were artificially tethered to the nuclear periphery. These experiments utilized the model in which recognition sites for a DNA binding protein were introduced into a chromosome locus by a transgene insertion. Tethering to the nuclear periphery was achieved by expressing a DNA binding protein fused to an integral membrane protein (Andrulis et al., 1998) or a lamina component (Finlan et al., 2008; Reddy et al., 2008; Dialynas et al., 2010) . In yeast, recruitment of a repressible endogenous HMR locus to the nuclear periphery caused its silencing (Andrulis et al., 1998) . In Drosophila, recruitment of reporter genes to the lamina resulted in their significant down-regulation (Dialynas et al., 2010) . In mammals, some of the endogenous genes surrounding the tether site were down-regulated 2-4 fold upon recruitment to the lamina, with the repression covering remarkably broad regions up to 2 Mb away from the tether (Finlan et al., 2008; Reddy et al., 2008) . Thus, at least in some cases, the presence of the chromosome segment at the nuclear periphery is sufficient to cause transcriptional repression. Moreover, the nuclear lamina itself appears to play an active role in repression because disruption of the lamina by ablation of type B lamin in Drosophila (Shevelyov et al., 2009) or by depletion of lamin or its interacting partners in nematode (Towbin et al., 2011 ) caused up-regulation of genes at the nuclear periphery.
The mechanisms responsible for gene silencing at the nuclear lamina are not fully understood, yet accumulating evidence indicates that diverse conduits may be involved. Lamina-associated proteins can mediate inhibition of transcriptional activators, either by directly sequestering them from the nucleoplasm or by inhibiting their activity through protein interactions. Such mechanism would affect gene expression both at the lamina and throughout the nucleus (reviewed in Heessen and Fornerod, 2007) . Moreover, multiple repressors docked to the lamins and lamina-associated proteins may act upon genes tethered to the nuclear lamina, and this model appears to be most relevant to gene silencing at the nuclear periphery. Laminabound genes in Drosophila show a low level of histone acetylation (Pickersgill et al., 2006) and deacetylation of histones occurs in mammals upon artificial recruitment of chromosome segments to the nuclear envelope (Reddy et al., 2008) . In addition, mammalian, Drosophila, and nematode LADs are enriched in the gene repressionassociated H3K27me3 histone marks (Guelen et al., 2008; Peric-Hupkes et al., 2010; Ikegami et al., 2010) . Thus, two major mechanisms involving histone modifications may act at nuclear lamina: one centered on histone deacetylation and the other focused on histone methylation.
Class I histone deacetylases, including HDAC1 and HDAC3, can bind to the lamina-associated LEM domain proteins, such as Lap2β and Emerin. At least one of these enzymes, HDAC3, appears to require this interaction for full activity (Somech et al., 2005; Holaska and Wilson, 2007) . Consistent with these findings, low histone acetylation has been observed in the peripheral nuclear compartment (Sadoni et al., 1999) . Moreover, a Class I/II HDAC inhibitor trichostatin A (TSA) relieves repression of the lamina-tethered genes (Finlan et al., 2008) and causes a prominent increase in histone acetylation at the nuclear periphery . In addition to a potential role in regulation of gene expression through histone deacetylation, Class I/II HDACs may control the attachment of chromatin to the lamina because TSA treatment can cause translocation of the lamina-bound genes away from nuclear periphery (Zink et al., 2004; Pickersgill et al., 2006) . However, interpretation of the TSA experiments requires some caution as they are subject to the potential caveat of inhibitor side effects, and the roles of particular HDAC enzymes in repression at the nuclear periphery are not yet clear.
Enrichment of H3K27me3 in LADs suggests that this histone modification, which is associated with Polycomb repression (Schwartz et al., 2006; reviewed in Beisel and Paro, 2011) , may contribute to the silencing effect of the lamina. Polycomb response elements in the repressed state are preferentially found at the nuclear periphery (Fedorova et al., 2008) . In C. elegans, the enrichment of large tandem arrays of transgenes silenced at the nuclear periphery with H3K27me3 and H3K9me3 also indicates a methylation-dependent silencing mechanism, which appears to be dependent on LEM domain proteins and the chromatin-tethering protein BAF (Towbin et al., 2011) . It is not clear, however, to what extent large heterochromatinized transgene arrays are reminiscent of the developmentally repressed lamina-associated gene clusters which are mostly represented by diverse and unrelated genes (Boutanaev et al., 2002; Shevelyov et al., 2009) .
Mammalian LADs (but not Drosophila LADs and nematode LEM2 domains) are also enriched with H3K9me2 (Guelen et al., 2008; Peric-Hupkes et al., 2010; Ikegami et al., 2010) , which is linked to the spreading of heterochromatin by an HP1-dependent mechanism. HP1 may be tethered to the nuclear lamina via the lamin B receptor (Ye and Worman, 1996) . However, in Drosophila, only a small proportion of lamina-bound genes interact with Polycomb or HP1 (Pindyurin et al., 2007; The Nuclear Lamina as a Gene-silencing Hub 31 et al., , indicating that at least in this species, such mechanisms may not provide the major contribution to lamina-associated gene silencing. Further, in mammals, a loss of H3K9me2 at the nuclear periphery induced by genetic disruption of the major euchromatic H3K9 methyltransferase G9a caused the activation of merely 200 genes (Yokochi et al., 2009 ), a small fraction compared to the half of mammalian genome present in LADs. However, this microarray study could have missed changes in low copy number transcripts characteristic for LADs, and other repression mechanisms could have compensated for the loss of H3K9me2. Therefore, the role of this histone modification in gene silencing at the nuclear lamina should be further elucidated. Given that H3K9me2 enrichment of mammalian LADs is not evident in embryonic stem cells (Wen et al., 2009; Peric-Hupkes et al., 2010) , its role in the regulation of gene expression at the nuclear lamina, if any, may be limited to certain types of differentiated cells (Filion and van Steensel, 2010; Wen et al., 2010) . Finally, repression at the nuclear lamina appears to be rather mild (Finlan et al., 2008; Reddy et al., 2008; Shevelyov et al., 2009 ; our unpublished data) compared to more specialized silencing mechanisms, such as Polycomb-mediated repression. It is likely dedicated to compacting chromatin at the nuclear periphery to reduce its accessibility to transcription machinery and prevent transcriptional "leakage" of silent genes.
Away from the lamina -back to expression?
Provided that the lamina supports a gene-silencing environment at the nuclear periphery, translocation of the chromosome loci away from the periphery can lead to a loss of transcriptional repression. Indeed, when the dynamics of gene expression and lamina binding were considered in differentiating cells (Peric-Hupkes et al., 2010) , loss of contact with the lamina at certain stages of differentiation was predominantly associated with gene activation at the same or next stage. This general pattern was supported by numerous detailed observations of intranuclear positions of individual loci during cell differentiation. Genes that were silent and peripherally located in precursor cells were frequently found translocating away from the nuclear lamina concomitant with their transcriptional activation. Examples include IgH in the B cell lineage (Kosak et al., 2002) , β-globin in erythroid cells (Ragoczy et al., 2006; Lee et al., 2011) , PPARG, FABP4 and GATA2 during adipogenesis (Szczerbal et al., 2009) , MASH1 and adjacent genes in neuronal differentiation (Williams et al., 2006) , Ssl, Crtp, and adjacent genes in the Drosophila male germline (Shevelyov et al., 2009) , and pha-4 during nematode development (Meister et al., 2010) . Similarly, the casein gene translocated away from the nuclear periphery in mammary epithelial cells when it was induced by prolactin (Ballester et al., 2008) , and a transgenic reporter locus showed the same trend when induced by an artificial trans-activator (Tumbar and Belmont, 2001; Chuang et al., 2006; Meister et al., 2010) . Consistent with these findings, a number of genes, such as c-maf in different types of T helpers (Hewitt et al., 2004) , and GASZ, CFTR and CORTBP2 in diverse cells (Zink et al., 2004) , were found at the nuclear periphery of cells when they are silent, and away from the lamina when expressed. Translocation of activated genes away from the lamina appears to involve chromosome segments of variable size, which may or may not include flanking genes. Zink et al. (2004) found by using FISH that inactive flanking regions can stay at nuclear lamina even though they may be located only 70-250 kb away from the activated loci that are departing from the nuclear periphery. Genome-wide analysis of LADs in differentiating cells (Peric-Hupkes et al., 2010) also implies that activation of a LAD-embedded gene does not disrupt the LAD. Instead, it appears that the active gene selectively reduces its lamina-binding; for instance it may loop out into the nucleoplasm. In other cases, however, entire clusters of coordinately activated genes were found to diminish their lamina binding during differentiation, according to DamID (Peric-Hupkes et al., 2010) . FISH data also showed that the activation of a multigenic region during differentiation was associated with translocation of the entire region away from the lamina, including the few genes that are still silent (Williams et al., 2006) . These findings imply that the clusters of coordinately expressed genes, which are found on chromosomes of diverse higher eukaryotes may be regulated by virtue of their association with lamina (Boutanaev et al., 2002; Lercher et al., 2002; Roy et al., 2002; Spelman and Rubin, 2002; Ueda et al., 2002; Miller et al., 2004; Williams et al., 2004; Kalmykova et al., 2005; Nelander et al., 2005; Singer et al., 2005; Vogel et al., 2005; Semon et al., 2006; Kosak et al., 2007) . Indeed, co-expressed tissue-specific gene clusters are frequently interacting with lamina (Pickersgill et al., 2006; Shevelyov et al., 2009) , and the genes with cell type-biased expression are overrepresented in LADs ; our unpublished data).
The departure of genes from the nuclear periphery prior to their transcriptional activation (Kosak et al., 2002; PericHupkes et al., 2010) indicates that detachment from the nuclear lamina poises genes for expression. The concept is strikingly similar to the previously proposed model of chromatin domain potentiation. According to this model, transition from the compacted (closed) to the decondensed (open) configuration of a chromatin domain enables expression of its embedded genes when appropriate transcription factors become available (Kramer et al., 1998; Schübeler et al., 2000; Chambeyron and Bickmore, 2004) . It is noteworthy that chromatin domain decondensation appears to be linked to histone acetylation (Krajewski and Becker, 1998; Chen and Townes, 2000; Elefant et al., 2000; Schübeler et al., 2000; Anguita et al., 2001; Yamashita et al., 2002; Myers et al., 2003; Bulger et al., 2003; Chambeyron and Bickmore, 2004) . Further, known regulated domains showing the closed/open chromatin transitions are usually present at the nuclear lamina when inactive and translocate centrally when active (Ragoczy et al., 2006; Shevelyov et al., 2009 ). Moreover, translocation from the nuclear periphery concomitant with chromatin decondensation and gene activation has been described for a transgenic array (Dietzel et al., 2004) . Accordingly, chromatin in LADs could possess a compacted higher order conformation and indeed, in Drosophila, LADs are enriched in the linker histone H1 . It is tempting, therefore, to suggest that changes in intranuclear position and in chromatin compactness are related and represent the same mechanism where chromatin domains located at the nuclear lamina are deacetylated and "closed" with the embedded genes silenced; detachment of the domains from the nuclear lamina poises the genes for expression because of chromatin acetylation and decondensation.
The sequence of events that connects gene activation to the detachment from lamina is currently not clear. For example, treatment of cells with an HDAC inhibitor, TSA, leads to the detachment of multiple genes. This indicates that histone deacetylation, and probably chromatin compaction and silencing, may be the factors for peripheral gene localization. However, this detachment effect of TSA may not necessarily be mediated by histone hyperacetylation of lamina-tethered genes because it could be caused by altered acetylation of nonhistone proteins or by secondary effects of TSA-activated regulatory genes. More direct evidence was provided by an analysis of the inducible transgene system, in which binding of a transgene-specific activator caused the departure of transgenic locus from the nuclear periphery (Chuang et al., 2006) . Most importantly in these studies, pharmacological inhibition of transcription did not prevent translocation of the transgene, implying that binding of a potent activator and the probable changes in the chromatin structure were sufficient to trigger relocation of the locus away from the nuclear periphery. At the same time, as discussed above, the lamina is laden with transcriptional repressors. It is conceivable that removal of genes from this environment may have caused a loss of their repression.
Despite the fact that mechanisms that keep chromosome regions at the nuclear lamina (and move them away) are not well known, several suggestions have been put forward. Retention at the nuclear periphery may be mediated by specific DNA binding protein(s) capable of interacting with the nuclear lamina. For example, Oct1 can interact with the B type lamin, localizes at nuclear periphery, and has recognition sites preferentially found in LADs (Imai et al., 1997; Malhas et al., 2009; Guelen et al., 2008) . Alternatively, lamina-bound factors may be able to recognize repression-associated histone modifications and attract inactive chromatin, a suggestion consistent with the observed loss of attachment caused by gene activation. Translocation of chromosome segments away from nuclear lamina likely involves the nuclear actin and myosin (Chuang et al., 2006; Dundr et al., 2007; Hu et al., 2008; Mehta et al., 2010) and may lead to placement of the activated genes in nuclear compartments favoring transcription (reviewed in Sutherland and Bickmore, 2009) . In support of this model, nuclear actin filaments were found associated with transcription-associated inclusions (Kiseleva et al., 2004) . However, the above mechanisms are still hypothetical and warrant further elucidation of molecular details.
Bucking the trend: genes expressed at nuclear periphery Although the majority of the genes at the nuclear periphery are silent, whole-genome DamID studies identified a small fraction of genes in contact with the nuclear lamina that were expressed (Pickersgill et al., 2006; Guelen et al., 2008; Peric-Hupkes et al., 2010; . FISH studies on individual loci confirmed that active genes, on rare occasions, were localized in the vicinity of the nuclear envelope (Nielsen et al., 2002; Hewitt et al., 2004; Küpper et al., 2007; Szczerbal et al., 2009) . Global analysis showed that about 10% of active chromatin was located close to the nuclear periphery, where hundreds of transcription foci enriched with phosphorylated RNA polymerase II could be found (Luo et al., 2009) .
Why is it possible that genes staying at the lamina can escape peripheral gene silencing? One explanation is that repression at the nuclear periphery may be inefficient at shutting down actively transcribed genes. Indeed, forced recruitment of chromosome segments to the lamina did cause repression but the changes in transcript levels was not very efficient, even for the reporter transgenes located right next to the tether site, and ranged from 1.5-fold to 2-fold decrease. Similar or slightly higher down-regulation was observed for some of the endogenous genes surrounding the tether site while others were unaffected (Finlan et al., 2008; Reddy et al., 2008) . Therefore, it was not surprising when a tandem array of hundreds of active promoter-driven transgenes was either artificially recruited to the lamina or intrinsically present at nuclear periphery that the transgene expression was not grossly affected (Kumaran and Spector, 2008; Meister et al., 2010) . It is possible in some cases that a continuous high promoter activity may confer resistance to silencing even when the gene is at the nuclear lamina. Further, flanking sequences can also contribute to the resistance, as was shown in the studies by Dialynas et al. (2010) where silencing of the transgene by tethering to lamina was dependent on the transgene integration site.
Another mechanism that may contribute to gene expression at nuclear periphery involves the heterogeneity of nuclear envelope. Most of the envelope is lined with lamina but a substantial area is occupied by nuclear pores which appear to penetrate the nuclear membrane in the lamina-free spots (Belmont et al., 1993; Schermelleh et al., 2008) . Studies on yeast indicate that many expressed genes are in contact with the nuclear pores (Casolari et al., 2004; Brickner et al., 2004; Cabal et al., 2006; Dieppois et al., 2006; Schmid et al., 2006; Taddei et al., 2006; Köhler et al., 2008; Rougemaille et al., 2008; Ahmed et al., 2010; Light et al., 2010) . Similarly, in Drosophila, an active heat shock gene cluster has been shown to associate with the nuclear pores via the Anchoring and mRNA EXport complex (AMEX) (Kurshakova et al., 2007) . Recent genomewide studies showed extensive interactions between the nuclear pore proteins (nucleoporins) and transcriptionally active chromatin (Kalverda et al., 2010; Capelson et al., 2010; Vaquerizas et al., 2010) . It turned out, however, that some nucleoporins frequently bound to the active chromatin in the nucleoplasm rather than at the nuclear pore sites. Nucleoplasmic nucleoporins apparently act as transcriptional regulators, such as Nup153 and Mtor that contribute to the dosage compensation complex, but their specific influence on the nuclear pore-contacting chromatin is not easy to decipher (Mendjan et al., 2006; Capelson et al., 2010; Vaquerizas et al., 2010) . It is possible, for example, that Nup153 is involved in the maintenance of the peripheral localization of the X chromosome in male somatic tissues where this protein, along with Mtor, cover approximately three-quarters of the chromosome (Vaquerizas et al., 2010) . Other nucleoporins, including Sec13, Nup50, Nup62, and Nup98, also interact with active chromatin regions located mostly in nucleoplasm and favor transcription (Kalverda et al., 2010; Capelson et al., 2010) .
At the same time, nucleoporins were found in association with inactive chromatin. Specific identification of Nup98-contacting chromatin at the nuclear envelope using DamID with a membrane-tethered Nup98 component revealed interactions with short (median 2 kb) chromosome
The Nuclear Lamina as a Gene-silencing Hub 33 regions that had low gene expression and low levels of active chromatin marks, such as H3K4me2 and H4K16Ac (Kalverda et al., 2010) . Intriguingly, these sites are rather frequent in the Drosophila genome (one per several dozens of kb) and thus occur both in LADs and interLADs. Another Drosophila nucleoporin, Nup88, does not interact with actively expressed chromosome regions (Capelson et al., 2010) and in mammals, Nup93 preferentially interacts with chromatin enriched with repressive modifications H3K9me3 and H3K27me3 (Brown et al., 2008) . Taking these factors into consideration, the role of nuclear pores in gene expression at the nuclear periphery in metazoans is not clear and requires further elucidation.
Concluding remarks
The detailed model of interactions leading to gene regulation at the nuclear lamina will greatly enhance our understanding of developmental gene expression and will provide essential insights into the molecular basis of diseases. Recent progress in studies on the role of the nuclear lamina has uncovered its global influence on gene expression and, in particular, on the activity of developmentally regulated genes. The studies have provided vital background for understanding of the mechanisms underlying the known role of the lamina components in tissue development and homeostasis. It seems likely that gene silencing at the nuclear lamina involves lamina-tethered chromatin modifiers that introduce repressive marks into the chromatin in contact with the lamina; consistent separation from the lamina is associated with accumulation of active chromatin marks and gene expression. However, there are significant challenges ahead to advance our knowledge of the molecular conduits responsible for these effects. A minor fraction of genes are active at nuclear periphery, and the mechanisms conferring their resistance to silencing are poorly understood. In particular, the role of nuclear pores in regulating these genes needs clarification. Further, the forces and structures driving chromosomal movement and positioning are virtually unknown. The interactions between chromatin and lamina appear to be transient, even for the LADs containing silent genes, and it is puzzling why repressive chromatin marks in these regions are not erased when the chromatin is transiently present in nuclear interior. The mechanisms of silencing at nuclear lamina also require further elucidation. Numerous lamina-associated molecules may be involved but the key repressors still have not been identified and the factors that control their placement at specific chromatin loci are not well known. Activation of genes upon their detachment from the lamina is even less understood, and the order of events -whether binding of transactivators and chromatin remodeling causes departure from the lamina or vice versa -is yet to be determined.
